Abstract: Arginine vasopressin (AVP) is an important hormone for osmoregulation, while as a neuropeptide in the brain it plays an important role in the regulation of social behaviors. Dry habitats are often the home of obligately sociable species such as meerkats and Damaraland mole-rats, leading to the hypothesis that high plasma AVP levels needed for osmoregulation might be associated with the regulation of social behavior. We tested this in a facultative sociable species, the African striped mouse (Rhabdomys pumilio). During the moist breeding season, both solitary-and group-living reproductive tactics occur in this species, which is obligatory sociable in the dry season. We collected 196 plasma samples from striped mice following different reproductive tactics both during the moist and the dry season. Solitary mice did not have lower AVP levels than sociable mice, rejecting the hypothesis that peripheral AVP is involved in the regulation of alternative reproductive tactics. However, we found significantly higher AVP levels during the dry season, with AVP levels correlated with the abundance of food plants, the main source of water for striped mice. Plasma AVP levels were not correlated with testosterone or corticosterone levels. Our study underlines the important role that AVP plays in osmoregulation, particularly for a free ranging mammal living under harsh arid conditions. Arginine vasopressin (AVP) is an important hormone for osmoregulation, while as a 2 neuropeptide in the brain it plays an important role in the regulation of social 3 behaviours. Dry habitats are often the home of obligately sociable species such as 4 meerkats and Damaraland mole-rats, leading to the hypothesis that high plasma AVP 5 levels needed for osmoregulation might be associated with the regulation of social 6 behaviour. We tested this in a facultative sociable species, the African striped mouse 7 (Rhabdomys pumilio). During the moist breeding season, both solitary-and group-8 living reproductive tactics occur in this species, which is obligatory sociable in the dry 9 season. We collected 196 plasma samples from striped mice following different 10 reproductive tactics both during the moist and the dry season. Solitary mice did not 11 have lower AVP levels than sociable mice, rejecting the hypothesis that peripheral 12 AVP is involved in the regulation of alternative reproductive tactics. However, we 13 found significantly higher AVP levels during the dry season, with AVP levels 14 correlated with the abundance of food plants, the main source of water for striped 15 mice. Plasma AVP levels were not correlated with testosterone or corsticosterone 16 levels. Our study underlines the important role that AVP plays in osmoregulation,
Introduction 1
Hormones are potent modulators of social behaviour but they also have significant 2 physiological functions. Experimental manipulation of testosterone can influence 3 sexual and reproductive behaviour as well as reproductive physiology [44] . 4
Glucocorticoids can influence social behaviour and also play a key role in 5 metabolism, including emergency-life history stages [21] . The peptide hormone 6 prolactin plays a significant role in the regulation of parental care in both sexes, but 7 also influences osmoregulation, growth, immunology and reproductive physiology 8
[26]. However, while the dual function of hormones in regulating behaviour and 9 physiology is well known, studies in behavioural endocrinology often ignore the 10 physiological function of hormones. 11
The neuropeptide arginine vasopressin is produced in the brain, where its 12 secretion in different brain areas influences several social behaviours like parental 13 care, pair bonding and aggression [8, 9] . Produced in the paraventricular nucleus 14 (PVN) and secreted via the pituitary into the blood stream, it plays an important role 15 in osmoregulation [5] . Dehydration increases AVP secretion, which then acts on the 16 kidneys where it triggers the contraction of arterioles in the glomeruli and 17 reabsorption of water from the collecting ducts, decreasing water loss and increasing 18 blood pressure [5] . Traditionally, it has been assumed that AVP secretion in the brain 19 (influencing behaviour) is independent from AVP secretion by the pituitary 20 (influencing osmoregulation) [10] . Several studies have suggested that nasally 21 administrated AVP can pass through the blood-brain barrier [4] , leading to significant 22 behavioural effects in humans and animals [3, 4, 39] . However, this has been recently 23 criticized and it has been argued that putting AVP into the nasal cavity is simply a 24 convenient way to get it into the blood supply, indicating that peripheral AVP can 25
This may suggest that the environmental regulation of AVP secretion in response to 1 water shortage could have a positive influence on sociality. In other words, the 2 evolution of group-living in dry habitats might have been associated with 3 environmentally induced AVP secretion. 4
The African striped mouse (Rhabdomys pumilio) in the Succulent Karoo semi-5 desert of South Africa is obligatory group-living during the dry hot season, which is 6 characterized by both food and water shortage [31] . However, this species shows high 7 social flexibility during the moist and cold breeding season in spring [30] . 8
Specifically, depending on population density, striped mice can either live solitarily, 9 in small or in extended family groups [28] In the present study we compared AVP levels during the breeding season in 3 male and female African striped mice exhibiting alternative reproductive tactics. First, 4
we predicted AVP levels to be higher in the dry season than in the moist breeding 5 season, due to its important effect on osmoregulation. Second, if plasma AVP plays 6 an important role in the regulation of social behaviour, we expected significant 7 differences between individuals following different tactics. Specifically we predicted 8 solitary-living roaming males to have significantly lower AVP levels than group-9 living ones. We focused on males, as during the study few solitary breeding females 10 were present at the field site. Third, as AVP has been reported to be stress reactive 11
and testosterone dependent, we tested for significant correlations between AVP and 12 the steroid hormones corticosterone and testosterone. is important to note that some philopatrics may also be successful in reproducing [29] , 7 a phenomenon that has been also reported for helping males in other species [16, 47] . 8 9
2.2.Study area 10
The study was conducted in Goegap Nature Reserve in South Africa (S 29 41.56, E 18 11 1.60). Goegap lies within the semi-desert biome of the Succulent Karoo, which is 12 characterized by cold and moist winters followed by spring with high food abundance 13 and hot dry summers. In spring, the landscape is dominated by short-living 14 ephemerals, which typically give way to succulent shrubs in summer. included for analysis for this study. As a measure of food and thus water availability 4 we took the mean of the eight plots for each month we collected blood samples. 5 6
2.4.Determination of reproductive tactics 7
Reproductive tactics were determined by a combination of trapping, behavioural 8 observations and radio-tracking. All methods followed well established protocols used 9 successfully in striped mice studies since 2001. Trapping was be done around striped 10 mice nesting sites. Each site was trapped regularly at least three days per month. Altogether, we collected 196 plasma samples from68 females and 64 males (some 3 individuals were sampled more than once; for sample sizes of the different social 4 categories see Fig. 1 ). Mice were trapped at their nests during the morning shortly 5 after they became active to control for possible circadian rhythms of hormone 6 secretion. Traps were watched from a distance of 10m and, as soon as a mouse 7 entered a trap, it was taken out and anaesthetized with di-ethyl ether [25] . A blood 8 sample of about 300µl was obtained from a sub-lingual vein, a less harmful method 9 than traditionally used techniques of blood sampling [18] . Each sample was taken 10 within 2-3min to avoid a stress response [25] . Samples were collected in a cold tube 11 containing EDTA, which were kept in the field on ice before being centrifuged in a 12 fridge at the research station. Samples were stored at -20 °C at the research station 13 and transported to Zurich on dry ice for processing. 14 15
2.6.Hormone assays 16
We used the commercial EAI kit ADI-901-017 for Arginine-Vasopressin from Enzo 17 Life Sciences. Cross reactivity with other hormones was <0.001%, as stated in the 18 manual. Samples were diluted with an assay buffer by 1:3. Serial dilution of striped 19 mouse plasma from 1:1 to 1:9 paralleled the standard curve. Intra-assay coefficient of 20 variation for seven samples from one pool of striped mouse plasma was 14.2%. Inter-21 assay coefficients of variation for two pools of striped mouse plasma (each five 22 samples) were 16.7% and 12.1%. From 111 of the 196 samples, we also measured 23 testosterone and levels, and from 112 samples we also measured corsticosterone 24 levels (mostly the same as samples as used for testosterone). For this we used 25 commercial kits from IBL Hamburg, which were previously validated for striped 1 mouse serum [24] . Procedures were as stated in the kit manuals, but due to high 2 corticosterone levels typical of this species, samples were diluted 1:99. All 3 measurements were well within the standard curve of the assay. Intra-and inter-assay 4 variability was determined with pools from striped mice and were all below 10%. 5 6
2.7.Data analysis 7
We used the statistical software R (version 2.11.0 R Development Core Team 2006) 8 to perform all analyses. AVP was log-transformed, such that residuals followed a 9 normal distribution (confirmed by visual inspection of normality plots). All data are 10 presented as mean + SEM. We used linear mixed effect models (LMMs) to determine 11 whether AVP levels were influenced by 1) social tactics during the breeding season; 2). 7 8
3.2.Differences in AVP levels between ARTs 9
We found no significant difference in AVP levels among male (LMM: F 1,24 = 3.07; p 10 = 0.09; Fig 1) and female alternative reproductive tactics (LMM: F 1,19 = 0.64; p = 11 0.43; Fig 1) . 12 
Discussion 23
We found a significant increase of plasma AVP levels during the dry season but no 24 difference in AVP level among reproductive tactics. AVP levels correlated with the 25 availability of water storing food plants, but were not related to steroid hormone 1 concentrations. Therefore, the major role of peripheral AVP seems to be in 2 osmoregulation, but not in the regulation of reproductive tactics and sociality. 3
In laboratory rats, dehydration increases AVP secretion, which then acts on the 4 kidneys where it triggers the contraction of arterioles in the glomeruli and 5 reabsorption of water from the collecting ducts, decreasing water loss and increasing 6 blood pressure [5] . While it is believed that AVP plays a significant role in 7 osmoregulation in small desert mammals [37] , few studies have directly measured 8 AVP in free ranging animals. Studies on spiny mice (Acomys spec.) from the deserts 9 of Israel found that peripheral administration of AVP inhibits reproduction [38, 46] . 10 These studies assumed that spiny mice showed an increase of AVP levels under water 11 stress, but to our knowledge, peripheral AVP had not been measured in free ranging 12 spiny mice. Ours is one of the first field studies measuring peripheral AVP in a desert 13 mammal, providing empirical evidence for the general assumption that AVP increases 14 during dry seasons. This is important basic knowledge for research programs on how 15 natural populations can cope with droughts, a phenomenon that is predicted to occur 16 more often in the future as a consequence of global warming [15] . 17 Numerous studies demonstrated a relationship between AVP and both 18 glucocorticoids and testosterone, even though these relationships are complex 19 (reviewed by [8] ). Both corsticosterone and AVP are stress responsive [1, 45] , but in 20 our present study we found no significant correlation between AVP and 21 corsticosterone. In spiny mice, gonadal activity is regulated by AVP, and 22 experimentally increasing AVP (mimicking the predicted AVP increase under water 23 stress) decreases testosterone levels and testis mass [7] . Testosterone can influence 24 brain AVP levels directly [12] and AVP plays a significant role in the seasonal 25 regulation of reproduction in spiny mice [46] . We found a significant seasonal 1 decrease in male testosterone levels in the present study, which is in accordance with 2 previous findings [25] , and at the same time a seasonal increase of AVP levels. AVP might influence social behaviour [13, 14, 19 , 20], we tested the hypothesis that 10 peripheral AVP levels differ between ARTs in striped mice. Specifically, we 11 predicted solitary roamers, which do not engage in social bonding, to have lower AVP 12 levels. However, we did not find any differences between ARTs, and the AVP levels cannot be ruled out. Striped mice, meerkats and Damaraland mole-rats are highly 24 sociable in dry environments [11, 17] 
Conclusions 5
This is one of the first field studies showing that plasma AVP levels increase during 6 the dry season and are negatively correlated with the availability of water-providing 7 food plants. This highlights the important role of AVP in osmoregulation in wild 8 animals, especially in arid habitats. While it has been previously shown that other 9 hormones, such as corsticosterone and testosterone also change seasonally, we found 10 no significant correlation between them and AVP, suggesting that the secretion of 11 steroid hormones is independently regulated from AVP secretion. We further found 12 no evidence that plasma AVP levels are related to social behaviour, which suggests 13 that the physiological role of AVP in osmoregulation might be disconnected from its 14 role as a behavioural mediator in the brain. 
